The anions of the nucleic acid bases, uracil and thymine, were studied by negative ion photoelectron spectroscopy. Both monomer anions exhibit spectroscopic signatures that are indicative of dipole bound excess electrons. The adiabatic electron affinities of these molecules were found to be 93Ϯ7 meV for uracil and 69Ϯ7 meV for thymine. No conventional ͑valence͒ anions of these molecules were observed. © 1996 American Institute of Physics. ͓S0021-9606͑96͒03519-2͔
Nucleic acid bases govern the storage and transfer of genetic information. When ionizing radiation interacts with living organisms, one of the mechanisms for genetic damage involves the attachment of electrons to DNA and RNA bases. The resultant radical anions then participate in a chain of chemical reactions that can lead to permanent alteration of the original bases and to genetic damage. Nucleic acid base anions thus play an important role in radiation-induced mutagenesis. Because of these considerations, nucleic acid base radical anions have been the subject of numerous experimental studies in the condensed phase.
1 By contrast, gas-phase experimental work on such anions has been limited to three reports: an early mass spectral observation 2 of an uncharacterized form of the thymine molecular anion, an electron transmission spectroscopic study 3, 4 of uracil and its temporary anions, and very recently, Rydberg electron transfer studies 5 of nucleic acid base dimer anions. Until now, however, most information about the nature and extent of excess electron binding in isolated ͑gas-phase͒ nucleic acid base molecular anions has come from theoretical studies.
There have been several calculations on isolated uracil and thymine anions, specifically those by Pullman, 6 Compton, 3 Sevilla, 7, 8 and Adamowicz. 9, 10 While none of these found stable conventional ͑valence͒ anions directly, Sevilla's scaling of his theoretical adiabatic electron affinity ͑EA a ͒ values to experimentally known EA a values of related molecules implied the existence of stable, isolated covalently bound anions for both uracil and thymine. In this way, Sevilla predicted adiabatic EA a values of ϩ0.4 and ϩ0.3 eV for uracil and thymine, respectively. 8 By contrast, Adamowicz's calculations found stable, albeit fragile, nucleic acid base anions of uracil 9 and thymine 10 in which their excess electrons were bound by the dipolar fields of the bases.
The nucleic acid bases, uracil and thymine, possess large dipole moments, i.e., ϳ5 D. [9] [10] [11] Due to extensive theoretical 12 as well as experimental 13 work, it is well established that excess electrons can be bound by the dipole fields of neutral molecular or cluster systems to form anions ͑often loosely referred to as ''dipole bound anions''͒, if the dipole moment of the system is larger than ϳ2.5 D.
14 The nucleic acid base anions found in Adamowicz's calculations exhibit the properties expected of negative ions having dipole bound excess electrons. Their excess electron clouds were extremely diffuse and anisotropic; their excess electron binding energies were very small, i.e., with predicted EA a 's of 86 meV and 88 meV for uracil and thymine, respectively; and their structures were virtually the same as those of their corresponding neutrals.
Here, we present experimental results pertaining to the nature of isolated, gas-phase nucleic acid base anions. In this study, the monomer anions of the nucleic acid bases, uracil and thymine ͑5-methyluracil͒, were generated using a supersonic expansion nozzle ion source and characterized via negative ion photoelectron spectroscopy. In a companion paper by Desfrancois, Abdoul-Carime, and Schermann, gasphase nucleic acid base monomer anions were generated through electron transfer collisions between the bases and laser-excited Rydberg atoms and characterized via the dependence of anion formation rates on Rydberg electron quantum numbers ͑energies͒. These two experiments provide different, yet rather complementary approaches to the study of these species, both in terms of anion formation mechanisms and in the manner of their characterization, and in most respects, they are in good agreement.
Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with a fixedfrequency photon beam and energy analyzing the resultant photodetached electrons. This is a direct approach to the determination of electron binding energies ͑EBE͒, relying as it does on the relationship, hϭEBEϩEKE, in which h is the photon energy and EKE is the measured electron kinetic energy. Our apparatus has been described in detail previously. 15 The spectra were calibrated against the wellknown photodetachment spectra 16 of O Ϫ and NO Ϫ , the resolution ͑FWHM͒ of our electron analyzer was ϳ 30 meV, and photodetachement was accomplished with 220 circulating Watts of 2.540 eV photons. In a supersonic expansion ion source, relatively low energy electrons are injected directly into the high density portion of an expanding jet in the presence of weak axial magnetic fields, and negative ions are extracted from the resulting microplasma. 17 The negative ion formation environment involves the attachment of even a͒ Taylor Technology, Inc., Princeton, NJ 08540. b͒ Author to whom correspondence should be addressed.
lower energy secondary electrons to target species in the presence of many cooling collisions. A wide range of anion formation conditions are possible with this source, and the fact that it has generated so many different, fragile dipole bound anions 18 attests to its ability to provide very gentle anion formation conditions as part of its repertoire. To form the expansion jet in the present experiments, samples of uracil and thymine powder were slowly heated to 160-170°C inside the stagnation chamber of this source and coexpanded with 3-4 atm argon gas through a 20 m orifice. Just outside the nozzle, the resulting jet was typically subjected to 3-6 mA of ϳ40 eV primary electrons.
The photoelectron spectra of uracil and thymine anions are presented in Figs. 1 and 2 , respectively. Each spectrum is characterized by a single, strong, sharp feature ͑peak A͒ at very low electron binding energies and by several much lower intensity features ͑B-H͒ at slightly higher electron binding energies. This is the distinctive photoelectron spectral signature of dipole bound anions. We have seen this spectral fingerprint in all of the many ground state, dipole bound anions that we have studied thus far, 18 and it is unlike that of any other anionic species we have encountered. Essentially, the dominant peak ͑peak A͒ in each of these spectra is the origin ''transition'' between the ground states of the anion and its corresponding neutral. The fact that its electron binding energy is so small indicates that the excess electron is bound very weakly, while the relative strength and unusual narrowness of this peak ͑essentially instrumentally limited͒ implies that the structures of the anion and its corresponding neutral, in both cases, are very similar, if not identical. The weak peaks, B-H, in Figs. 1 and 2 are assignable as molecular vibrations 19 of neutral uracil and thymine, respectively. Under the usual Franck-Condon analysis of photoelectron spectra, this would imply a very slight structural difference between the anion and its neutral. Recent work by Johnson and co-workers, 20 however, casts doubt on the validity of conventional Franck-Condon treatments of vibrational features in photoelectron spectra of dipole bound anions, suggesting instead that vibronic coupling effects are substantially responsible for the observed vibrational features in these cases.
The vertical detachment energy ͑VDE͒ is the electron binding energy corresponding to the maximum in the origin peak ͑peak A͒ in these spectra. From the photoelectron spectra of uracil and thymine anions, their VDE's were determined to be 93Ϯ7 meV and 69Ϯ7 meV, respectively. The evidence strongly indicates that the anions of uracil and thymine have essentially the same structures as do their neutrals. Under these circumstances, the VDE is equal to the adiabatic electron affinity ͑EA a ͒, and hence the EA a of uracil is 93Ϯ7 meV, and the EA a of thymine is 69Ϯ7 meV. These values are in close agreement with theoretical predictions by Adamowicz and Oyler 9, 10 ͑EA a ϭ86 meV for uracil and EA a ϭ88 meV for thymine͒. Our objective in performing these experiments was to explore the nature of isolated, gasphase nucleic acid base anions. Thus far, we have found clear evidence for dipole bound anions ͑ground states͒ of uracil and thymine, largely confirming both the qualitative and the quantitative predictions of Adamowicz's calculations. In the accompanying paper, Desfrancois and coworkers used the Rydberg electron transfer technique to recover electron affinity values ͑EA a ϭ54 meV for uracil and EA a ϭ68 meV for thymine͒ which are in accord with both Adamowicz's predictions and our results.
The issue of the stability of isolated, conventional ͑va-lence͒ anions of uracil and thymine is an intriguing one which deserves comment. At this point, there are conflicting indications as to their existence as stable, gas-phase covalent molecular anions. Below, we review the evidence, beginning with that which tends to counsel against the stability of the isolated valence forms. ͑1͒ Of the several theoretical calculations 3, [6] [7] [8] [9] [10] conducted on anions of uracil and thymine, none found direct, quantitative evidence for stable valence anions. ͑2͒ When standard methods for forming ͑valence͒ anions of biological molecules ͑electrospray, atmospheric pressure chemical ionization, and fast atom bombardment͒ are utilized in mass spectrometry, 21 the dissociative attachment ͑hydrogen loss͒ fragment anions, ͑U-H͒ Ϫ and ͑T-H͒ Ϫ , are observed, but their parent anions, ͑U͒ Ϫ and ͑T͒ Ϫ , are not. ͑3͒ Uracil has been investigated by electron transmission spectroscopy, and the results imply that its conventional anion is unstable.
3,4 ͑4͒ We saw no spectroscopic evidence for conventional anions of uracil or thymine during this study, even though we made diligent searches over a wide range of source conditions. Given the photon energy used, we were implicitly looking for species 22 with EA a 's between 0-ϳ2.5 eV, recalling that the EA a 's of the species in question have been predicted to be 0.3-0.4 eV. 8 Normally, a supersonic expansion ion source, with its many collisions, tends to make the most stable form of a given anion. An example is the nitromethane anion, a case in which even though both dipole bound and conventional anion forms are known to exist, the supersonic expansion ion source makes only the conventional anion, i.e., the more stable one. 23 Nevertheless, there is also evidence for the existence of stable, isolated conventional anions of uracil and thymine. ͑1͒ From theory, there are Sevilla's scaled calculations 8 which imply the stability of isolated, conventional molecular anions of uracil and thymine, although not of adenine. ͑2͒ From mass spectrometry, there is a report of free ͑T͒ Ϫ being formed by a technique referred to as field-induced negative ion formation.
2 While one could count this observation as evidence for the existence of an isolated conventional anion of thymine, the observed anion was uncharacterized and might have been the dipole bound form. ͑3͒ When results from cyclic voltammetry measurements in solution were scaled to electron affinities of gas-phase calibrants, positive absolute electron affinities for uracil, thymine, and adenine were found ͑ϩ0.80 eV, ϩ0.79 eV, and ϩ0.95 eV, respectively͒, implying the stability of their conventional anions in the gas pahse.
24 ͑4͒ Desfrancois and co-workers have interpreted their Rydberg electron transfer results on uracil and thymine anions in terms of both dipole bound and conventional anions ͑see companion paper͒. In addition to a resonancelike peak in the spectra of both of these anions ͑clearly due to their dipole bound forms͒, these investigators also observed relatively flat, but nonzero ion intensity at lower Rydberg electron energies, and it is the occurrence of this nonzero baseline in their spectra ͑along with unusual broadening͒ that is the basis of the conventional anion portion of their interpretation. Their conclusions, as to the existence of isolated conventional anions of uracil and thymine, are given support by the fact that non-zero baselines were seen in their spectra for uracil and thymine anions, but not in their spectrum of the adenine anion, in accord with Sevilla's predictions. While the stability of gas phase, conventional molecular anions of uracil and thymine may presently be an unresolved issue, ESR studies 25 leave little doubt that, in condensed media, the anions of uracil and thymine exist as stable, conventional covalent species. This raises interesting questions having to do with environment effects on the stability of dipole bound vs valence forms of these anions. In the condensed phase, solvation and multibody interactions surely play important roles in stabilizing the valence form of these anions.
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